We carried out a shielding experiment of high-energy neutrons, generated from a tungsten target bombarded with primary 500-MeV protons at KENS, which penetrated through a concrete shield in the zero-degree direction. We propose a new method to evaluate the spectra of high-energy neutrons ranging from 8 to 500 MeV. Au foils were set in a concrete shield, and the reaction rates for 13 radionuclides produced by the spallation reactions on the Au targets were measured by radiochemical techniques. The experimental results were compared with those obtained by the MARS14 Monte-Carlo code. A good agreement (between them) was found for energies beyond 100 MeV. The profile of the neutron spectrum, ranging from 8 to 500 MeV, does not depend on the thickness of the concrete shield.
INTRODUCTION
In high-energy proton accelerator facilities, highenergy neutrons are secondarily generated by bombarding a proton beam. Such neutrons have high penetrability, and induce activation of the surrounding materials. With regard to radiation safety aspects, it is therefore very important to investigate (1) the spectra and intensity of neutrons at the beam-loss points, (2) their attenuation characteristics in shielding materials and (3) the activation products induced by high-energy neutron irradiation. The neutron spectra can be estimated using Monte Carlo simulation codes. However, the accuracy is not clear because of a lack of experimental data. Therefore, the high-energy neutron-irradiation course of KENS, which uses a 500-MeV primary proton beam, was constructed for shielding experiments (1) . We investigated the spectra and attenuation length for secondary neutrons in the 0 direction in the concrete shield, and compared them with results calculated by a simulation code. Experiments on thermal and fast neutrons with energies less than about 100 MeV in this irradiation course have already been reported (1) (2) (3) (4) (5) . In shielding experiments, like KENS's, however, there is no established method for neutrons having energies >100 MeV.
In this paper, we discuss the spectra of high-energy neutrons ranging from 8 to 500 MeV. For this purpose, we have proposed a new evaluation method that uses the reaction rates for 13 radionuclides produced by spallation reactions on Au foils. These spallation products were produced from 197 Au at different threshold energies, ranging from several MeV to several hundred MeV. By measuring the reaction rates of these spallation products, neutron spectra could be obtained experimentally and compared with results calculated using the MARS14 code. Furthermore, the reaction rates could also be used as basic data of neutron-induced nuclear reactions at intermediate energies.
MATERIALS AND METHODS
Neutron irradiation was performed at the highenergy neutron-irradiation course of KENS, which was designed for shielding experiments. Figure 1 shows the vertical cross section of the course. Secondary neutrons were generated by bombarding 500 MeV protons on tungsten targets and collimated with a beam guide to irradiate at 0 . The details of this course are basically the same as those described in Ref. (1) although the collimation set-up was slightly changed to cut a halo of primary protons passed outside of the tungsten targets. The primary protons were completely stopped in the tungsten targets. The course has eight irradiation positions, called slots 1-8. They are positioned along the neutron beam direction in the concrete shield. The depths of slots 1, 2, 3, 4 and 5 used in this work were 0, 40, 80, 130 and 185 cm from the surface of the concrete shield, respectively.
The irradiated samples and the measured products are summarised in Table 1 , together with the nuclear data (6) used for gamma ray spectrometry. In each slot, metallic Au foils (chemical purity: 99.99%) having three different weights, called Au1, Au2 and Au3, were irradiated. Au1 was used for measurements of short half-life nuclides, Au2 for long half-life nuclides and Au3 for nuclides after radiochemical separation. The foils were individually sealed in polyethylene bags. Plastic capsules containing the Au targets were fixed at the bottom of the shield plugs and inserted into the five slots, and set on the beam axis. Two irradiations were carried out: one was for slots 1-3 and another was for slots 4 and 5. The irradiation times were 9625 min, for the former, and 8160 min, for the latter. The average currents of the primary protons were 6.545 mA, for the former, and 5.380 mA, for the latter. Since the fluctuation of the proton current was within 3%, no correction for beam fluctuation during irradiation was calculated.
After irradiation, gamma ray spectrometry was performed with high-purity Ge detectors, each coupled with a 4K-channel pulse-height analyser. 198 Au and neighbour spallation products. Therefore, they were measured after radiochemical group-separation of rare-earth elements. The chemical procedure was as follows.
Each irradiated Au foil was transferred to a beaker containing 20.7 mg of Nd 3þ carrier and dissolved using a minimum of aqua regia. The resulting , which means the probability per target atom and per 1 mC of primary protons.
The reaction rates were also calculated by MARS14 as follows. First, the neutron spectrum at each slot was calculated by MARS14. The results are shown in Figure 2 . Although the cross section data are still lacking in the case of neutron-induced reactions, it can be considered that the cross section of the neutron reaction is similar to that of proton reactions in the case of a complicated spallation reaction that emits more than nine nucleons. Therefore, we adopted the excitation functions of the proton reactions that produce the same nuclide as a substitute for those of the neutron reactions. The reaction rate was calculated by the numerical integration at intervals of 1 MeV according to the following equation:
where E n and E p are the energies of the neutron and proton, N is the number of neutrons per 1 mC of the primary proton estimated by the MARS14, and s is the cross section of a proton-induced reaction. 167 Tm were investigated experimentally (7) (8) (9) (10) , and the excitation functions of s(E n ) were substituted for the corresponding values of s(E p ) from the literature.
In Figure 3 , the experimental and calculated reaction rates at slots 1-5 are plotted as a function of the mass number of products (A p ). The reaction rates by MARS14 are indicated by the closed symbols. It was found that the experimental results agreed with those by MARS14, except for a discrepancy of slot 1 at A p > 180. In this exceptional case, the experimental values are about 1.5 times higher than the results of MARS14. We suppose 
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that this discrepancy involved extra activation caused by low-energy protons and neutrons, which were generated by the bombardment of a halo of the primary protons that passed along the side of the tungsten targets on a halo stopper added behind the targets. These low-energy protons and neutrons do not affect the backward slots. In the consideration of the proton excitation function and neutron spectra by MARS14, it can be said that the effective neutron energies that have an $70% contribution are 100-300 Tm. Therefore, it is indirectly found that the MARS14 code can reproduce neutron energy spectra ranging from 100 to 500 MeV very well.
In Figure 4 , the ratios of the reaction rates at every slot to those at slot 2 are plotted as a function of A p . From this figure, we can read the relative change in the energy spectra of the neutrons passing through the shield concrete. The ratios are constant over a wide range of A p . The threshold energy of 197 Au(n, 2n)
196 Au is 8.1 MeV, which is a minimum among the measured reactions. Therefore, the profile of the neutron spectrum ranging from 8 to 500 MeV does not change in the concrete shield at depths of from 0 to 185 cm. These results are consistent with the results calculated by MARS14, as shown in Figure 2 . In Figure 5 , the average of the ratios of the reaction rates obtained in Figure 4 are plotted as a function of the depth of the concrete shield. The least-squares fit curve exponentially decreased with an increase in the depth. H. MATSUMURA ET AL.
